Magnon-Hole Scattering and Charge Order in Sri4_xCaxCu2404i 



H. ElHaes,^ B. Biichner,'^'^ U. Ammerahl,^ M. Hiicker,'*'^ and A. Revcolevschi^ 

^DPMC, Universite de Geneve, 1211 Geneve, Switzerland 
'^2. Physikalisches Institut, RWTH-Aachen, 52056 Aachen, Germany 
'"^ Leibniz- Institute for Solide State and Materials Research, IFW-Dresden, 01171 Dresden, Germany 
^Laboratoire de Physico-Chimie de I'Etat Sohde, Universite Paris-Sud, 91405 Orsay, France 
^Physics Department, Brookhaven National Laboratory, Upton, New York 11973 

(Dated: February 2, 2008) 

The magnon thermal conductivity Kmag of the hole doped spin ladders in Sri4_xCaxCu2404i 
has been investigated at low doping levels x. The analysis of fCmag reveals a strong doping and 
temperature dependence of the magnon mean free path Imag which is a local probe for the interaction 
of magnons with the doped holes in the ladders. In particular, this novel approach to studying charge 
degrees of freedom via spin excitations shows that charge ordering of the holes in the ladders leads 
to a freezing out of magnon-hole scattering processes. 



The interplay between charge and spin degrees of free- 
dom is a crucial aspect of the physics of transition metal 
oxides. For example, the pairing mechanism in high- 
temperature superconductors is most likely related to 
magnetic excitations. Moreover, the competition be- 
tween charge mobility and magnetic interactions appears 
to be the source of charge ordering phenomena Q S 13 j 
such as stripes in cuprates and nickelates or phase sep- 
aration in manganites. Experimental studies yield in 
particular clear-cut evidence that static stripe order and 
superconductivity are competing ground states in two 
dimensional cuprates A similar competition has 

been predicted from theoretical analysis of hole doped 
S=l/2 spin ladders as a one-dimensional model system 
0, 01 . Such hole-doped spin ladders are realized in the 
compound Sri4_xCaxCu2404i, where via Ca-doping the 
hole-doping level in the ladders can be controlled since 
holes are redistributed between the ladders and the also- 
present spin chains 0, 0- At first sight, the avail- 
able experimental data on this material seem to sup- 
port the predicted scenario of competing charge ordering 
and superconducting ground states: charge order, which 
has been reported in the chemically undoped compound 
Sri4Cu2404i H EJllLJIl m, gradually destabilizes 
upon Ca-doping [ll| 

[Eil and superconductivity even- 
tually occurs at hig h doping levels if high external pres- 
sure is applied |1(tI |. However, it is difficult to experi- 
mentally prove the existence of charge order in the lad- 
ders, since Sri4_xCaxCu2404i also contains hole doped 
spin chains, whose charge ordered ground state is well 
established 0,0,^3- Moreover, no direct information 
currently exists concerning the interplay between charge 
dynamics and magnetic excitations in the ladders. 

In general, transport experiments are an excellent tool 
for investigating the interplay between different degrees 
of freedom since they probe the scattering and dissipation 
of excitations. Electron-phonon, electron-electron and 
electron-magnon scattering, for example, can be studied 
via electrical resistivity p. In the case of charge order- 
ing, however, the drastic change of charge mobility rather 



than scattering dominates the anomalies of electrical 
transport. We therefore use a novel approach and study 
electronic degrees of freedom via the electron-magnon 
interaction by measuring the transport and scattering 
of magnetic excitations. As has been demonstrated in 
Ref. the thermal conductivity k is a valu- 

able tool for this purpose, since magnetic contributions 
to this quantity yield the mean free path of magnetic 
excitations. In Sri4_xCaxCu2404i, magnon heat trans- 
port along the ladders generates a strong anisotropy in 
the K tensor. While conventional phonon heat conduc- 
tion is observed perpendicular to the ladders, k is much 
larger and often exhibits a hig h-temperature peak due to 
magnon contributions 0, 0, • 

In this letter we utilize this magnon heat transport to 
selectively investigate the interaction between magnons 
and holes in the ladders by means of magnon hole scat- 
tering. We show that the temperature dependence of 
the magnon mean free path /mag in the ladders is unam- 
biguously correlated with the mobility of holes. Charge 
ordering in the ladders is accompanied by a drastic en- 
hancement of Zmag^ the scattering probability, which is 
close to unity for mobile holes, vanishes in the charge 
ordered state. 

We have measured k and p of Sri4_xCaxCu2404i {x — 
0, 2, 3, 4, 5) single crystals with standard four probe 
techniques |2l|. Details of the sample preparation 
were published in Ref. . 

In Fig. n we present the T-dependence of the thermal 
conductivity parallel (kc) and perpendicular (kq, Kf,) to 
the ladders of Sri4_xCaxCu2404i {x = 0, 2, 3, 4, 5). The 
signature of the one-dimensional magnetic heat transport 
is most evident for a; = 0. Here, a typical phonon thermal 
conductivity is found for Ka and Kb- In addition to such a 
phononic background in Kc, a huge peak due to magnons 
is present at higher T. Similar magnon peaks are also 
observed for the Ca-doped materials with x < 3. It is, 
however, evident that with increasing x the peak shifts 
gradually towards lower T and its maximum strongly de- 
creases. It is eventually absent completely for x = 4 and 
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FIG. 1: Kc (•) and Ka (o) of Sri4_xCaxCu2404i {x = 0, 2, 3, 
4, 5) as a function of temperature. Solid lines represent the 
estimated phononic background of Kc. For x — also k along 
the 6-axis is shown (□). 
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FIG. 2: Top: K„ag(r) of Sri4-xCaxCu2404i {x = 0, 2, 3, 4, 
5) and of La5Ca9Cu24 04i. Inset: enlarged representation for 
a; = 3, 4, 5. Bottom: lh{T) for x ^ 0, 2, 3, 4, 5. The effect 
of possible errors in Iq (cf. text) is shown as an example for 
a; = 3 by the shaded area. Inset: doping dependence of Ih 
at 300 K. The error bars arise due to an estimated error of 
50% for the phonon background. The solid line represents the 
mean hole distance as calculated from Ref. 0. 



X — 5. Nevertheless, there is a pronounced anisotropy 
between Ka and also at this higher doping leveh for 
T > 20 K monotonicaUy decreases whereas Kc exhibits 
a minimum around 100 K and increases with further ris- 
ing T, exceeding the phononic Ka by up to a factor of five 
at room temperature. We thus conclude that magnon 
heat conduction still contributes significantly to Kc also 
in these cases 20]. 

Due to the large spin gap |U 0| the magnon thermal 
conductivity Kmag is negli gible below T < 40 K [13. This 
can be used to separate the phonon and magnon contri- 
butions. We fitted Kc for T < 40 K with a usual Debye 
model and extrapolated this fit up to T = 300 K 
in order to obtain the phonon thermal conductivity Kph 
(solid lines in Fig.^). Subtraction of Kph from Kc yields 
Kmag which is shown in the top panel of Fig. |21 

Prior to discussing the effect of Ca-doping on K^ag 
we briefly review the differences between Kmag of 
Sri4Cu2404i and Kmag of La5CagCu2404i, which is also 
shown in the top panel of Fig. |2 17]. It is known from 
spectroscopic experiments that the La-based compound 
contains undoped ladders, in contrast to Sri4Cu2404i 
where the hole-content in the ladders is finite p, |S| . The 
effect of hole-doping on Kmag can therefore immediately 
be observed. For T < 100 K Kmae increases with T almost 



identically for both compounds. Pronounced differences 
occur only at higher T: Kmag of La5Ca9Cu2404i exhibits 
a large peak (~ 140 Wm^^K"^ at ^ 180 K) and stays 
very large even at room temperature (~ 100 Wm~^K~^). 
In contrast, the peak is much smaller in the case of 
Sri4Cu2404i (~ 75 Wm-iR-i at - 150 K). Here K^ag 
decreases much more strongly at high T and saturates at 
Kmag ~ 10 Wm-iK-i for T > 240 K. 

The strong suppression of Kmag in Sri4Cu2404i at 
high temperatures must be related to scattering of the 
magnons on holes, since structural defects due to differ- 
ent ions on the Sr-site are known to not influence Kmag 
and therefore the hole doping is the only difference with 
respect to the undoped ladders. Since both Kmag curves 
are almost identical below Tq « 100 K, this scattering 
mechanism obviously becomes completely unimportant 
below To and unfurls its full strength above a character- 
istic temperature T* « 240 K. The comparison with Kmag 
of the Ca-doped samples (see Fig. |21 top panel) reveals 
that Tq and T* are gradually shifted towards lower T; i.e., 
the temperature region where K^ag is suppressed extends 
and magnon-hole-scattering also becomes important at 
low T. Apparently, at a; = 4, 5 this region becomes so 
wide that even the peak at low T is suppressed. 

In order to elucidate the origin of this interesting obser- 
vation we have analyzed Kmag of Sri4_xCaxCu2404i and 



calculated /,„ag as a function of T. In Ref. 0| Kmag of 
Sri4Cu2404i and La5Ca9Cu2404i was analyzed using a 
kinetic model. A different analysis of the data based on a 
microscopic model leads to qualitatively similar results, 
though the values of /„iag are smaller |2^. We never- 
theless use the simple kinetic approach in the following 
analysis, since more recent calculations •27! differ from 
the results in |2^ . Moreover, preliminary studies of im- 
purity effects strongly support the larger Z^ag reported 
in [13. 

Firstly, Kmag is fitted at low T with 



exp(e/fcBr) 
(exp(e/A:ijr) + S)' 



:e'de (1) 



where N is the number of ladders per unit area and 
Emax ~ 200 meV is the band maximum of the spin exci- 
tations [2^. This yields the spin gap Aiaddor and Iq, i.e., 
the low-T value of Im^.^ which is assumed to be constant 
in the fitting range [13. ^mag — h arises when scat- 
tering on quasiparticles freezes out and magnon-defect 
scattering dominates. The second step of the analysis 
comprises the calculation of ImagiT) by comparing ex- 
perimental and theoretical data of /tmag using Eq.^with 
a known value for Aiadder- Due to the strong suppression 
of Kmag in the higher Ca-levels, such a determination of 
Aiaddor and Iq is only reasonable for x < 2. Therefore, 
we use Aiaddp r/fcB = 377 K as known from neutron scat- 
tering [23,|2J| for the calculation of /mag(T) for a; > 3. 

In order to separate scattering effects due to holes 
from the total Imag. we apply Matthiesen's rule l//mag = 
1/^0 + l/^?t, where Ih denotes the hole-scattering part of 
^mag and is a measure for the importance of magnon- 
hole scattering 12^. Ih is related to the mean distance 
of holes dh via the effective scattering probability by 
Ih = dh/jh- While Iq is known from our fits of the low-T 
increase of Kmag for x < 2, Iq ~ 3000 ± 1000 A has been 
assumed |2^ . 

IfiiT) of Sri4_xCaxCu2404i is depicted in the bottom 
panel of Fig. [21 Obviously, Ih systematically decreases 
with increasing Ca-content which is strong evidence for 
the growing importance of magnon-hole scattering upon 
Ca-doping, i.e., with increasing hole content in the lad- 
ders. All curves also decrease with rising T and saturate 
around 50-80 A, which is of the same order of magnitude 
as the mean distance of holes d/j « 30 A (cf. inset 
of Fig.jSJ. At room temperature magnons appear to be 
strongly scattered on holes with a scattering probability 
"fh — dfi/hi = 0.5 — 1, which is also consistent with the 
pronounced suppression of Kmag above T* . Note that in 
this high-T range the uncertainty in Kph leads to a rela- 
tive error in Ih of about 50% which explains the apparent 
non systematic high-T behavior of Ih ■ 

It is possible to read off the characteristic tempera- 
ture T* from these curves for a; < 3, since it sepa- 
rates an almost constant high-T behavior from a steep 
T-dependence at low T. This T-dependence is clearly 
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FIG. 3: Temperature dependence of the electrical resistivity 
along the ladders pc of Sri4_xCaxCu2404i {x — 0, 2, 3, 4, 5). 
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FIG. 4: Temperature dependence of 5h (o) and Se (•) 

Sri4-xCaxCu2404i {x = 0, 2, 3, 4, 5). 



correlated with the electrical resistivity p as is evident 
from our measurements along the c-axis (pc) depicted in 
Fig. 13 For X < 2 the highly similar T-dependence of pc 
and Ih is apparent 30] . In order to show this correla- 
tion of Ih and p also for higher doping levels, we compare 
in Fig. 21 the logarithmic derivatives of Ih and pc, i.e., 
5h = d(i/T) 1^ (open circles) and de = d(i/T) (^^11 
circles) j3ll |. As is obvious from the figure, Sh and ex- 
hibit a very similar T-dependence for all x. This proves 
unambiguously that the magnon heat transport and the 
electric transport are closely linked to each other and 
that charge degrees of freedom are by far the strongest 
scatterers of spin excitations. Since the peaks in Se are 
signatures of the charge ordering in this material [32l |. 
the freezing-out of magnon-hole scattering has to be at- 
tributed to the formation of this charge ordered state. 

It is however very surprising that this scattering chan- 
nel vanishes completely in the charge ordered state. In 
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the framework of our model there are two possible sce- 
narios to interprete this intriguing finding. S mce ^niag se- 
lectively probes the magnetic excitations in the ladders, 
either the relevant hole concentration in the ladders de- 
creases drastically below T*, or the scattering probability 
7ft vanishes upon charge ordering in the ladders. 

The first scenario seems to be supported by a recent 
-^''0-NMR study [13 ■ A strong change of the electrical 
field gradient is observed below T* which the authors 
interpret in terms of a complete transfer of holes from 
the ladders to the chains below T*. This interpretation, 
however, is not supported by preliminary x-ray absorp- 
tion spectroscopy (XAS) data on these compounds [2J|, 
which clearly show that the spectra of the charge ordered 
state differ drastically from the spectra of undoped lad- 
ders. The XAS data do indeed exhibit some clearcut 
changes at T*; however, the change of the hole distri- 
bution between ladders and chains as signalled by these 
data is only subtle, if present at all. 

The second scenario, i.e., the reduction of the scatter- 
ing probability at constant hole content, is reasonable if 
the charge order is connected with a periodic modulation 
of the spin density. Though possible, it seems unlikely 
that the periodic arrangement of the holes is the only rea- 
son for the strong suppression of scattering. In order to 
be compatible with the large Kmag and /mag at low T the 
charge order would have to be perfect on a unrealistically 
large lengthscale with a correlation length ^ > ?o- 

Further studies are necessary to clarify the origin of 
the drastic change of /,nag at T* . For example, one might 
speculate that of hole pair formation and/or a change of 
the orbital character of the ladder's hole states, as could 
be signalled by the NMR and XAS data, play a relevant 
role in the magnetic heat transport. Besides these un- 
certainties, however, there are also clear-cut conlusions 
to be made from our data. Firstly, charge ordering is in- 
deed present in the ladders of Sri4_xCaxCu2404i. This 
charge ordering is strongly linked to magnetic degrees of 
freedom. Finally, measuring the magnon heat transport 
is a valuable tool to study the interaction of charge and 
spin degrees of freedom. 

In conclusion, we have shown that the magnon heat 
conductivity Kmag of Sri4_xCaxCu2404i is strongly af- 
fected by magnon-hole scattering. Drastic temperature 
and doping dependent changes have been found to be 
clearly correlated with anomalies of electronic transport. 
Our data suggest charge ordering in the ladders, which 
has a strong impact on magnetic degrees of freedom. 
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